. We examine the effects of cluster size, method of termination of the cluster, charge on the cluster, introduction of exact exchange, and relativistic effects on calculation of magnetic-shielding tensors with density functional theory. Proper termination of the cluster for a network solid, including approximations such as compensation of charge by the bond-valence (BV) method, is essential to provide results that agree with experiment. The inclusion of relativistic effects at the spin-orbit level for such heavy nuclei is an essential factor in achieving agreement with experiment.
Introduction
Lead has a rich and diverse co-ordination chemistry, ranging from organometallic compounds 1 to inorganic salts. 2 Solid lead materials often show a variety of structural motifs, e.g. the structural features of the various oxides of lead. The large NMR chemical-shift range (B10 000 ppm) of 207 Pb, 3, 4 and the strong dependence of the NMR chemical shift on co-ordination geometry and electronic structure, makes the study of the 207 Pb nucleus in solid materials an attractive means to analyze them, and reports have appeared in which the experimental shifts are empirically correlated with structure. [5] [6] [7] [8] [9] [10] [11] [12] [13] [14] [15] Aside from the isotropic shift, the principal components of the chemical-shift tensor in the solid are sensitive to the local electronic structure. 16 The full chemical-shift tensor provides more details on structural motifs in a solid than a measure of the isotropic chemical shift alone. The magnetic shielding, as specified by the chemical shift, is a quantum mechanical property of the electronic system, and a characterization of experimental solid-state NMR (SSNMR) results requires calculation of the magnetic shielding for models of the solid state. It is known, from calculations in the literature, that relativistic quantum chemistry methods including spin-orbit (SO) corrections are necessary to produce meaningful theoretical predictions of 207 Pb magnetic-shielding parameters. 17 For a solid, one must also include intermolecular effects in calculating magnetic shielding, which requires a model of the extended local structure of the system. 18, 19 For light nuclei such as 13 C or 29 which signals that the model has a non-physically small HOMO-LUMO gap. The resulting NMR parameters cannot be trusted, and one must seek alternative ways to model the structure. The high charge or dangling bonds on a model cluster results in incorrect placement of electron density, a situation that would not be found in the extended solid. One solution to this practical problem is to add hydrogens to outer atoms of the cluster (maintaining proper symmetry) to stabilize the cluster. This method has been employed to obtain converged solutions with meaningful NMR parameters in solids for a variety of systems. 24, 25, 43 Another method to account for this effect is to terminate the cluster with pseudo-atoms generated by changing the nuclear charges (Z nuc ) of the cluster's outer atoms that have missing co-ordination. The aim of this procedure is to stabilize the system by reducing the non-compensated charge on the edges of the cluster. Different versions of this methodology have been applied to systems to study energetics of surface reactions computationally. [44] [45] [46] [47] To our knowledge, there is no computational study of NMR parameters that has employed this method.
In this contribution, we report calculations of the 207 Pb magnetic-shielding tensor by using clusters extracted from X-ray or neutron diffraction geometries of the corresponding solid. We investigate effects of terminating the cluster, of cluster size, of charge, and of symmetry on calculated magnetic-shielding tensors.
We discuss the importance of various relativistic effects on the 207 Pb magnetic-shielding tensor at different levels of relativistic correction. We briefly discuss effects of various methodological differences on the accuracy of calculated 207 Pb magnetic-shielding tensors.
Computational methods
All computations were performed using the Amsterdam Density Functional (ADF v2014) [48] [49] [50] program package. NMR parameters were computed with the NMR module by employing the GIAO formalism. [51] [52] [53] [54] [55] Calculations were carried out at the BP86 level. 56, 57 For the NMR nuclei and for the first co-ordination shell, the TZ2P basis set was employed at the all-electron level.
For the remainder of the cluster, the DZ basis set and the frozen core approximation (FCA) 52, 55 were employed to reduce the computational time. Details of the FCA for each individual nucleus, cluster structural information, and results of calculations are given in the ESI. † To include relativistic effects, the zeroth order regular approximation (ZORA) [58] [59] [60] [61] was employed at the spin-orbit level, unless otherwise indicated.
Cluster definition
X-ray or neutron diffraction parameters were used to generate input geometries for the molecular clusters. [62] [63] [64] [65] [66] [67] [68] [69] [70] [71] For each solid, the space group and the corresponding Inorganic Crystal Structure Database 6 reference code are given in Table 1 . The clusters were created by defining a central NMR-active atom, and successively adding atoms to form clusters with one, three, or five layers of surrounding atoms. Terminal atoms of a cluster were treated either by coordinating additional hydrogens to the cluster or by changing the nuclear charge of terminal atoms to ensure SCF convergence. For the hydrogen-addition (HA) method, the hydrogen atoms were coordinated to outer oxygen atoms such that the O-H bond length was 0.96 Å and the Pb-O-H angle was 1801. For clusters where Z nuc was modified for the outer atoms with missing co-ordination, two different methodologies were employed. In the first method, the nuclear charges of the terminal atoms in the cluster were increased by +1. This method we call valence modification of the terminal atoms (VMTA). In this scheme, the total charge on the cluster is the same as in the HA method.
In the second method, Z nuc of a terminal atom is modified according to the sum of the bond strengths of that atom. The bond strength (S) for a terminal atom is calculated using an equation from the bond-valence model:
In eqn (1), R i is the bond length between two atoms in a pair containing the terminal atom. R i0 and b i are fitted bond valence parameters tabulated in a recent review of the bond-valence model. 75 For this study, the parameter R i0 is slightly modified from the reported values, 75 so that the total bond strength of an atom with a complete co-ordination sphere corresponds to the oxidation state of that atom. For the terminal atoms, the bond strength, S, is calculated using eqn (1) and the modified Z nuc of the terminal atom (Z mod ) is calculated from:
where DS is the difference between the valence of the terminal atom, V a , and the calculated bond strength of the terminal atom in the cluster. In other words, DS corresponds to the missing co-ordination bond strength of the terminal atom. We refer to this method as the bond-valence approach, or VMTA/BV.
As an example of the VMTA/BV method, terminal oxygen atoms with different coordination spheres are illustrated in Fig. 1a and b for the third co-ordination shell clusters of a-PbO and b-PbO, respectively. For a-PbO, there is only one unique Pb-O bond length in the crystal structure. Therefore, the bond strength and Z mod of the terminal oxygen atoms only depend on the number of lead atoms coordinated to the terminal oxygen atom. In Fig. 1a , there are two distinct terminal oxygen sites. O1 is coordinated to a single lead site, whereas O2 is coordinated to two lead sites with the same bond length. Calculated bond strengths are 0.50 and 1.00 valence units (vu) 75 for O1 and O2
respectively. Because the bond strength of oxygen having complete coordination (i.e., surrounded by four lead atoms) is 2.00 vu, Z mod for each of the two types of terminal oxygen atoms in these clusters is calculated to be 9.50 and 9.00 vu for O1 and O2, respectively. For b-PbO, calculation of bond strengths is not as simple, due to lower symmetry and multiple Pb-O bond lengths in the structure. As a result, there is more variation in the number of distinct terminal oxygen sites. The calculated bond strengths are 0.37, 0.61, 0.64, 0.99, and 1.01 vu for O1 to O5, respectively. The effect of VMTA/BV on the energy levels of a cluster is illustrated in Fig. 2 for the third co-ordination shell geometry of a-PbO. For a cluster without any treatment of the terminal atoms, there is no clear difference in energy between the HOMO and LUMO levels. As a result, convergence under SCF is difficult or impossible as the algorithm becomes oscillatory. Upon closer inspection, it is seen that frontier MOs are mostly dominated by the p orbitals of the terminal oxygen atoms. When Z nuc for the atoms is adjusted as described, these levels are stabilized, due to an additional component of the nuclear potential that creates the energy difference between the HOMO and LUMO levels. As a result, SCF convergence is achieved easily for clusters modified with VMTA/BV.
Magnetic shielding
The magnetic shielding of a nucleus is a tensor property, s, which can be represented as a 3 Â 3 matrix in a Cartesian co-ordinate system. 
In its principal-axis system, the diagonal elements are known as the principal components of the tensor. These principal components are assigned as: s 11 r s 22 r s 33 , which is known as the frequency-ordered convention. 76 In the NMR experiment, the chemical shift, the shielding relative to the (usually isotropic) resonance position of some reference material, is reported. The principal components of the magnetic-shielding tensor and the principal chemical-shift components are related by eqn (5) .
In principle, one defines the chemical-shift tensor experimentally with the three principal components, d 11 , d 22 , and d 33 . There are several other descriptions in use. In one convention, the tensor is expressed in terms of its irreducible spherical-tensor components. 77 Another convenient description for spectra of powders is given by the Maryland convention, a set of three NMR parameters describing the shape of the spectrum of a random powder sample, the isotropic chemical shift (d iso ), the span (O), and the skew (k). 76 These three parameters are related to the principal components of the chemicalshift tensor by the following relations:
3. Calculations for a-PbO and b-PbO
Effects of termination method and cluster size on calculated NMR parameters
We investigate modelling of PbO clusters of different sizes, as well as the effects of cluster size on predicted principal components of the shielding tensor, by the HA, VMTA and VMTA/BV methods. Clusters up to the first, third, and fifth atomic coordination shells around the NMR nucleus are shown in Fig. 3 .
Only the odd-numbered co-ordination shells are considered, because clusters terminated with lead atoms are inherently difficult to handle computationally. The calculated NMR parameters for clusters of the two different forms of PbO (a-PbO and b-PbO) using the HA, VMTA, and VMTA/BV methods are given in Table 2 . The method used in each case is given by its abbreviation and the prefix gives the maximum co-ordination shell in the cluster. In Table 2 , the reduced chemical shifts are defined by the following relation:
For a-PbO and b-PbO, the predicted values of the principal shielding components for a cluster model terminated at the first co-ordination sphere strongly depend on the termination method, with values that can be different from one another by more than 2000 ppm. On the other hand, for clusters of a-PbO and b-PbO including atoms up to the third co-ordination shell, the predicted values of the principal shielding components are significantly less dependent on the termination method. For example, the largest difference between values found with different methods (in this case, VMTA and HA) is only 343 ppm, which is the deviation for s 11 (= s 22 ) of a-PbO. There are only small differences in the principal components calculated by the VMTA or the VMTA/BV method, showing that these two methods are similar. The maximum difference for calculated components by these two methods is no greater than 100 ppm. For clusters that include the fifth co-ordination shell of a-PbO or b-PbO, the principal components calculated using the three termination methods agree to within 50 ppm. This agreement reflects the fact that the various termination methods have little effect on the shielding values calculated for fifth-coordination-sphere clusters chosen to represent these network solids.
A comparison of the calculated values to experimental results 8 is illustrated with the residuals of the components of the reduced chemical-shift tensor [ Table 2 ]. These residuals are generally smaller for larger clusters. For clusters containing only the first co-ordination shell, the residuals range from 473 ppm to 1069 ppm. For clusters containing up to the third co-ordination shell, the residuals range from 137 ppm to 367 ppm. For clusters containing up to the fifth co-ordination shell, the residuals range only from 144 to 158 ppm. The larger the clusters, regardless of termination method, the closer the calculated components are to the experimental components.
Symmetry requirements for calculated principal components
The local symmetry of the electronic environment surrounding the NMR-active nucleus affects the values of the principal components of the magnetic-shielding tensor. 78 We have deliberately perturbed the symmetry of cluster models of a-PbO to determine the extent of this effect. In Fig. 4 is shown an example, in which a fifth-coordination-shell cluster model is perturbed by adding up to the seventh coordination shell along the +x axis. For the calculated magnetic-shielding parameters in Table 3 , we have used models extended by two coordination shells in the +x direction for the first-, third-, and fifth-coordination-shell cluster models to lower the symmetry at the site of the NMR-active nucleus.
From the X-ray crystal structure, Pb sites in a-PbO have C 4v site symmetry. 62 By symmetry constraints, the skew (k) is either À1.00 (s 11 o s 22 = s 33 ) or +1.00 (s 11 = s 22 o s 33 ). Experimentally, a-PbO has a skew of +1.00. 6, 8, 79 Calculated NMR parameters for the symmetric and perturbed clusters are presented in Table 3 . For a cluster that contains the first co-ordination shell, the differences between principal components of symmetric and perturbed clusters are 1268, 873 and 305 ppm for s 11 , s 22 and s 33 , respectively, with a predicted k of 0.72 for the perturbed structure. For a cluster that includes the third co-ordination shell, k is 0.91, only 0.09 from the ideal value. For this cluster model, the differences range only between 153 and 14 ppm for the principal components. For a model containing co-ordination shells through the fifth, the differences between the calculated principal components of the perturbed and symmetric models are very small. The calculated k for both clusters are +1.00, within 1%. These results, along with the results in Table 2 , indicate that the principal values of the magnetic-shielding tensor converge to a limit for a cluster that contains up to the fifth co-ordination shell of 207 Pb. Deviations from symmetry occurring at the edges of a cluster of sufficient size seem to have minimal effects on the derived magnetic-shielding tensor and its symmetry at this level of precision. For other nuclei, the limit may depend on the nucleus and the local structure.
Effects of the charge on the terminal atoms
For a-PbO, the VMTA/BV method predicts 9.50 and 9.00 for Z mod of the two types of terminal oxygen atoms (O1 and O2 in Fig. 1 ). We investigate how the value of Z mod in the range of 9.30 to 9.70 and 8.80 to 9.20 for these two sites, respectively, affects the predicted NMR magnetic-shielding parameters. For these models, the total charge on a cluster depends on the size of the cluster as well as Z mod of the two terminal oxygen sites, as indicated in Table 4 . As seen in Fig. 5 , s iso and O are linearly correlated with the deviation, DZ mod , of Z mod from the optimal values (9.50 and 9.00). For the cluster containing up to only the first co-ordination sphere, the variation of the isotropic shielding and the span with Z mod is large. In changing Z mod by 0.4, the isotropic magnetic shielding varies by over 2000 ppm and the span varies by over 1000 ppm. On the other hand, for the largest cluster (through the fifth co-ordination sphere), the isotropic shielding differs by 157 ppm and the span varies by 55 ppm, at most, showing the lack of sensitivity to Z mod in large clusters.
The modification of the charge, Z mod , on the terminal oxygen atoms is partially delocalized onto other atoms in the cluster. As an example, from Table 4 , there is a small, but strong, positive correlation between the Mulliken charge on the central lead atom and Z mod of the terminal oxygen sites in this fifth-co-ordination-shell model. In addition, the magneticshielding components are correlated with the Mulliken charge on the central lead atom, showing that magnetic shielding reflects the delocalization of charge. The change in the principal components of magnetic shielding with the Mulliken charge demonstrates that there is a somewhat stronger effect on the two degenerate components (s 11 and s 22 ) than on the unique component (s 33 ). This difference between the unique component and the non-unique components in their dependence on delocalization of charge suggests that more electron density from delocalization ends up in orbitals the principal direction of which is in the 1-2 plane, rather than in orbitals whose orientation is perpendicular to that plane. This change is also reflected in the gradual change of O with total charge on the cluster. These variations of magnetic-shielding parameters with charge on the cluster are even stronger for smaller clusters, as shown in Fig. 5. 
4.
207 Pb magnetic shielding tensors for various systems
Cluster size
We present a comparison of experimental and calculated principal components of the 207 Pb shielding tensors for a variety of materials ( Table 1 ). The calculations are carried out with two cluster models, the first including only the first co-ordination shell and the second including atoms through the third co-ordination shell. 80 Examples of the clusters are given in Fig. 6 . For the terminal atoms in the clusters, VMTA/BV modelling (discussed in Section 2) is employed to reduce charge on the cluster, which also ensures SCF convergence. In this model, the bond strengths are calculated using eqn (1), with parameters, R i0 and b i , tabulated in the ESI. † The relationship between experimental and calculated principal components of the 207 Pb shielding tensors of these various materials is displayed in Fig. 7a for the first-coordination-shell model and in Fig. 7b for the third-coordination-shell model. Results for the first-co-ordination-shell model show a strong scatter of the data, with R 2 of only 0.608 for a linear correlation. Even for qualitative predictions, NMR parameters obtained using the first-co-ordination-shell model to represent the structure cannot be trusted for these kinds of network solids, as compared to the situation for molecular solids, 19 and we do not report calculations with this model in subsequent analyses. Use of a model that includes structure through the third coordination shell greatly improves the correlation between experimental and calculated principal components, as can be seen in Fig. 7b . For a linear correlation, R 2 = 0.983. The slope of the best-fit linear correlation line is À0.869, with an intercept of 8643 ppm. The slope of the correlation line deviates by 13% from the ideal case, which has a slope of À1. The predicted absolute magnetic shielding of the reference material, tetramethyllead (TML), from a linear correlation is 9990 ppm for the model that includes only up to the first coordination shell. A similar linear correlation of the third-coordination-shell model gives a value of 8653 ppm. The absolute Fig. 5 The effect of Z mod on (a) isotropic shielding and (b) span for models that extend through the first (blue), third (red), and fifth (black) co-ordination shell for a-PbO. DZ mod is the deviation of Z mod from the optimal values determined by the VMTA/BV method. shielding of TML calculated from a model of the molecular solid based on the reported X-ray structure 19 with optimized hydrogen atom positions gives a value of the isotropic shift of TML of 8136 ppm. There is a significant difference between this estimated shielding of TML and that extracted from the linear correlation of Fig. 7a . On the other hand, the value extracted from Fig. 7b is much closer to the predicted shielding of TML based on its solid-state structure.
Relativistic effects
In general, for heavy atoms, the contributions to the shielding due to the relativistic nature of the electrons are significant. 19, [81] [82] [83] [84] [85] For the third-co-ordination-shell model, we compare magnetic-shielding tensors of the suite of materials in Table 1 determined with inclusion of only scalar relativistic corrections to the magnetic-shielding tensors determined above using the full spin-orbit relativistic Hamiltonian. The treatment is at the ZORA/DFT level of theory. Correlation of experimental and theoretical principal components and spans is shown in Fig. 8 . The slope of the correlation line for shielding principal components with experimental chemical-shift components is À0.365 when only scalar relativistic effects are included, whereas the slope of the correlation line for magnetic-shielding principal components when the full relativistic Hamiltonian is used is À0.869. Neither is the ideal value of À1, but the inclusion of spin-orbit relativistic terms gives a correlation much closer to the ideal than does the inclusion of only scalar relativistic effects in the ZORA Hamiltonian, showing that spin-orbit terms cannot be neglected in calculations of magnetic shieldings of 207 Pb. We have observed a similar result for the 199 Hg magnetic shielding of solids. 19 The predicted magnetic shielding of TML from the correlation at the scalar relativistic level is 7060 ppm, whereas a calculation for TML at this scalar relativistic level gives a shielding of 5171 ppm, a difference of 1889 ppm. This difference of 507 ppm indicates that inclusion of the spin-orbit correction is essential to achieve better agreement with the calculated reference shielding from calculation on the reference molecule. 
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The span of a tensor is independent of the reference. In Fig. 8b , we show the correlation of the predicted and experimental spans for these lead-containing solids. At the ZORA/ scalar level of theory, the slope of the best-fit linear correlation of 0.281 deviates significantly from the ideal value of +1. At the ZORA/spin orbit level of theory, the slope of the best-fit linear correlation is 0.866, much closer to the ideal value. This disparity again demonstrates that spin-orbit terms must be included in calculations of magnetic shielding of 207 Pb solids.
One striking feature of Fig. 8b is that the predicted NMR parameters obtained by use of the scalar relativistic terms only systematically underestimate the span of the shielding tensor (s 33 We have shown in the sections above that it is possible to achieve a good correlation between experimental and theoretical principal components of a wide array of lead-containing materials, provided one uses the full spin-orbit-including Hamiltonian at the ZORA level and creates clusters using the VMTA/VB model with inclusion of structure at least to the third co-ordination shell. Even at this level of approximation, the correlation between predicted and experimental results may deviate from the ideal case (in which the slope of the correlation line is exactly À1). Clusters and the VMTA/BV model. In Sections 3.1 and 4.1, it is seen that one must include extended solid-state effects by using structural models that account for contributions to the magnetic shielding from atoms in at least the third co-ordination shell about the nucleus of interest. Inclusion of effects through the fifth co-ordination shell demonstrates that agreement slightly improves by the addition of further atoms. However, as seen in Fig. 9 , the slope of the correlation lines approaches the ideal case by about 2%, but the improvement in fit is negligible, suggesting that extending the cluster further is likely to give no substantial improvement in agreement between theory and experiment.
Cluster models, without the use of VMTA/BV theory, have been applied to calculations of 207 Pb principal components in other solid systems. 13, 15 In those examples, the ZORA/spinorbit Hamiltonian was applied at the BP86 level of density functional theory, and no additional treatment was applied to the terminal atoms. For all investigated systems, the span, O, is consistently underestimated by the model, whether in molecular 13, 15 or network solids. This underestimation cannot therefore be attributed to the use of VMTA/BV for termination of the cluster. Relativistic effects at the ZORA/spin-orbit Level. The importance of relativistic effects on shielding of heavy nuclei is well-established. 17, [81] [82] [83] [84] [85] [86] [87] [88] [89] [90] The present results indicate the necessity of inclusion of spin-orbit effects for calculation of magnetic shielding for these heavy nuclei. It has been shown that the absolute shielding constants for heavy nuclei calculated with ZORA at the spin-orbit level differ considerably from results that are carried out by four-component relativistic methods.
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Autschbach has shown that this difference mainly results from hyperfine integrals involving the core levels. 91 He has also shown that the hyperfine integrals over the valence shells may be evaluated at the ZORA level with accuracy close to that achievable by calculation with the four-component relativistic methods. 91 As a result, the heavy-nucleus chemical shifts determined at the ZORA level of approximation agree well with those calculated with the four-component formalism. [83] [84] [85] 91 For molecular solids like some Hg-containing materials, the principal components of Effect of the density functional by introducing exact exchange. GGA functionals are the common choice for relativistic magnetic-shielding calculations due to efficient scaling of the methods in both SCF and NMR routines. For light nuclei such as 13 C and 29 Si, introducing exact exchange (via hybrid functionals) improves the correlation between experimental and calculated chemical shifts. 92 Recently, hybrid density functionals have been introduced for relativistic calculations of magnetic shielding and spin-spin coupling constants. 81, 85, 93 In In Fig. 10 , the correlation between experimental and calculated principal components of 207 Pb shielding tensors at the BP86 and B3LYP levels of theory are shown. As expected from the comparison of spans, O, the slope of the correlation line determined with the hybrid functional (B3LYP) is À0.985, much closer to the ideal value than the correlation line for the same parameters determined at the BP86 level of theory (À0.895), demonstrating that the use of hybrid functionals accounts for contributions to the magnetic shielding more completely than the use of GGA functionals like BP86.
Experimental uncertainty. Due to the challenging nature of the spectroscopy of nuclei like 207 Pb having wide powder patterns, there are uncertainties associated with the experimental data. This uncertainty affects the quality of comparisons like those in Fig. 10 . In addition, uncertainty about structural parameters derived from X-ray or neutron diffraction measurements contribute to uncertainty in the predicted values. In Table 6 are the results of several reports of experimental chemical-shift parameters of a-PbO and b-PbO. 6, 8, 79 The measured principal components may vary by as much as 200 ppm, depending on the report. Averaging these three independent measurements, one obtains average values with uncertainties of up to 200 ppm, as given in Table 6 . The uncertainty in principal components ranges from about 50 to 170 ppm. The uncertainties in the span, which is independent of the reference, are 190 ppm and 146 ppm (about 5-6%), implying that we cannot distinguish the experimental values differing by less than about 100 ppm. Apart from approximations in the computational formalism that may contribute to the uncertainty in predicted values of the principal components, the uncertainty may also reflect uncertainty in X-ray and neutron diffraction structural parameters used in the definition of the cluster. Dmitrenko et al. 14, 32 showed that calculated 207 Pb chemical-shift parameters can vary significantly for small changes in bond length and bond angle. They also show that calculated NMR parameters may vary by as much as 200 ppm, depending on the X-ray geometry used to define the system. For these reasons, we conclude that agreement between experiment and theory for the 207 Pb principal components of a chemical-shift tensor of AE5% is agreement within the current levels of combined uncertainty.
Conclusions
We have presented predictions of 207 Pb magnetic-shielding (and chemical-shift) tensors using a cluster model for network solids. For such network solids, one must deal appropriately with termination of the cluster to obtain a reasonable SCF solution to the many-body equation. From the test calculations on various clusters, the predicted principal components are not dependent on the termination scheme when a cluster containing atoms through the fifth co-ordination geometry is employed. For all termination schemes, the agreement between experiment and calculation improves as larger clusters are employed. Most errors due to truncation of the structure are minimized if one uses clusters terminated at the third co-ordination shell or higher. Including only the first co-ordination sphere in a cluster is usually not sufficient to account for longer-range effects. For the solid systems which evince large variation in bond lengths in the structure, modification of terminal-atom nuclear charge by a bond valence model, VMTA/BV, allows one to obtain meaningful SCF solutions for clusters of network solids. In particular, in this work, principal components of the shielding tensor for various lead-containing solids are computed with reasonable accuracy. Although the current investigation is limited to the shielding tensor, we feel this method may be appropriate for computations of localized properties such as spin-spin couplings or surface reaction energetics. For the prediction of 207 Pb shielding parameters in various systems, we show that it is possible to obtain reasonably quantitative agreement with experiment by calculations with this method applied to clusters that contain at least the third co-ordination shell, provided the full spin-orbit ZORA Hamiltonian at the BP86 level of theory is used. The correlation between experiment and prediction still does not approach the ideal case, showing that other factors influence the calculation.
We have examined factors that may affect the agreement between prediction and experiment. Aside from the inclusion of spin-orbit effects, the most significant source of disagreement of predicted and experimental values arises from the use of the GGA density functional. Considerable improvement of the correlation between experimental and calculated spans results from employing the B3LYP hybrid functional.
An important consideration in the determination of the reliability of calculational techniques is the precision of experimental determinations of parameters, which is difficult for these very broad powder patterns. In one instance, independent determinations of the principal components of the chemicalshift tensor of the two forms of PbO show that there is a substantial variation of the experimental values to which the predicted values are to be compared. This experimental uncertainty is of the order of the variation of predicted values due to variation of structural parameters upon which the calculation is based.
